Protein motions control enzyme catalysis through mechanisms that are incompletely understood. Here NMR 13 C relaxation dispersion experiments were used to monitor changes in side-chain motions that occur in response to activation by phosphorylation of the MAP kinase ERK2. NMR data for the methyl side chains on Ile, Leu, and Val residues showed changes in conformational exchange dynamics in the microsecond-to-millisecond time regime between the different activity states of ERK2. In inactive, unphosphorylated ERK2, localized conformational exchange was observed among methyl side chains, with little evidence for coupling between residues. Upon dual phosphorylation by MAP kinase kinase 1, the dynamics of assigned methyls in ERK2 were altered throughout the conserved kinase core, including many residues in the catalytic pocket. The majority of residues in active ERK2 fit to a single conformational exchange process, with k ex ≈ 300 s −1 (k AB ≈ 240 s
Protein motions control enzyme catalysis through mechanisms that are incompletely understood. Here NMR 13 C relaxation dispersion experiments were used to monitor changes in side-chain motions that occur in response to activation by phosphorylation of the MAP kinase ERK2. NMR data for the methyl side chains on Ile, Leu, and Val residues showed changes in conformational exchange dynamics in the microsecond-to-millisecond time regime between the different activity states of ERK2. In inactive, unphosphorylated ERK2, localized conformational exchange was observed among methyl side chains, with little evidence for coupling between residues. Upon dual phosphorylation by MAP kinase kinase 1, the dynamics of assigned methyls in ERK2 were altered throughout the conserved kinase core, including many residues in the catalytic pocket. The majority of residues in active ERK2 fit to a single conformational exchange process, with k ex ≈ 300 s −1 (k AB ≈ 240 s
/k BA ≈ 60 s −1 ) and p A /p B ≈ 20%/80%, suggesting global domain motions involving interconversion between two states. A mutant of ERK2, engineered to enhance conformational mobility at the hinge region linking the N-and C-terminal domains, also induced two-state conformational exchange throughout the kinase core, with exchange properties of k ex ≈ 500 s −1 (k AB ≈ 15 s ) and p A /p B ≈ 97%/3%. Thus, phosphorylation and activation of ERK2 lead to a dramatic shift in conformational exchange dynamics, likely through release of constraints at the hinge.
T he MAP kinase, extracellular signal-regulated kinase 2 (ERK2), is a key regulator of cell signaling and a model for protein kinase activation mechanisms (1) . ERK2 can be activated by MAP kinase kinases 1 and 2 (MKK1 and 2) through dual phosphorylation of Thr and Tyr residues located at the activation loop (Thr183 and Tyr185, numbered in rat ERK2) (1, 2) . Phosphorylation at both sites is required for kinase activation, resulting in increased phosphoryl transfer rate and enhanced affinity for ATP and substrate (3) .
Conformational changes accompanying the activation of ERK2 have been documented by X-ray structures of the inactive, unphosphorylated (0P-ERK2) and the active, dual-phosphorylated (2P-ERK2) forms (4, 5) . Phosphorylation rearranges the activation loop, leading to new ion-pair interactions between phosphoThr and phospho-Tyr residues and basic residues in the N-and C-terminal domains of the kinase core structure. This leads to a repositioning of active site residues surrounding the catalytic base, enabling recognition of the Ser/Thr-Pro sequence motif at phosphorylation sites and exposing a recognition site for interactions with docking sequences in substrates and scaffolds (6) .
Less is known about how changes in internal motions contribute to kinase activation. Previous studies using hydrogenexchange mass spectrometry (HX-MS) and electron paramagnetic resonance spectroscopy (7) (8) (9) led to a model where conformational mobility at the hinge linking the N-and C-terminal domains is increased by phosphorylation, therefore releasing constraints needed for activation. Such a model differs from other types of autoinhibitory mechanisms in protein kinases, which involve interactions with domains outside the kinase core (10, 11) . However, how hinge flexibility regulates ERK2 is unknown.
NMR relaxation dispersion methods enable protein dynamics to be monitored by measuring exchange between conformational states (12) . In particular, Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion experiments report on motions on slow (100-2,000 s ) timescales (13) , which are often important for enzymatic function (13) (14) (15) (16) . In the CPMG experiment, exchange between different conformational states is probed with varying times between "refocusing" pulses. Conformational exchange leads to imperfect refocusing, thus decreasing the intensity of the NMR signal. Increasing the pulse frequency allows less chance for conformational exchange, and therefore increased NMR signal intensity. For a given pulse frequency, analysis of the signal intensity yields the effective relaxation rate for the resonance, R 2,eff . This is typically plotted as a relaxation dispersion curve, which can be fit to a two-state conformational exchange process (e.g., A ⇌ B interconversion). Fitting extracts the populations and the exchange rates between states, thus reflecting the thermodynamics and kinetics of the system (17, 18).
Here we performed CPMG relaxation dispersion experiments at multiple field strengths to compare the dynamic properties of [ 13 C]methyl-labeled ERK2 in its phosphorylated and unphosphorylated states. The results demonstrate that phosphorylation causes a significant change in exchange dynamics throughout the kinase core, consistent with a global domain motion. Increasing hinge mobility by introducing mutations at the hinge also promotes domain motion within the core but with differing kinetics and populations. Taken together, the results show that large Significance This paper uses NMR methods to compare the dynamics of a protein kinase in its active and inactive states. The results show that domain movements in the MAP kinase ERK2 are inherently constrained until the enzyme is activated by phosphorylation, with the constraint located at the hinge region. This represents an important mode for dynamical regulation in ERK2, not anticipated from previous X-ray structural analyses. changes in dynamics accompany ERK2 phosphorylation, which are influenced by conformational mobility at the hinge. We propose that the activation of ERK2 involves removing inhibitory constraints to domain motion, which are conferred by the internal architecture of the kinase.
Results
NMR Peak Assignments and Chemical Shift Behavior. ERK2 was selectively labeled with [methyl-1 H, 13 C]Ile, -Leu, and -Val (ILV) as described in Materials and Methods (19, 20) and activated by in vitro phosphorylation using active MKK1 (21). Fig. 1A overlays 2D ( 13 C, 1 H) methyl transverse relaxation-optimized spectroscopy (TROSY) heteronuclear multiple-quantum coherence (HMQC) spectra for 0P-and 2P-ERK2 at 25°C. In 0P-ERK2, 140 of 144 predicted ILV methyl resonance peaks were observed. Of these, 70 methyl peaks were assigned to 60 residues by combining data from site-directed mutagenesis, through-space 1 H-1 H nuclear Overhauser effects (NOEs) between 1 H, 13 C-labeled methyls analyzed using the X-ray structure of 0P-ERK2, and throughbond intraresidue (HMCM[CG]CBCA) experiments (Fig. S1 ) (4, 5, 22) . Most ILV residues in the hydrophobic core of the kinase were assigned, including those in the structurally conserved α-helices (αC-αH) and β-strands (β1-β5, β7, β8) as well as nonconserved helices in the MAP kinase insert (α1L14, α2L14) and C terminus (αL16). Assignments were limited in the activation loop and surface-accessible loops, due to the lack of methyl-methyl NOEs in these regions. In 2P-ERK2, 137 of 144 predicted methyl resonances were observed, of which 67 were assigned by transferring assignments from 0P-ERK2 and confirmed by methylmethyl NOE measurements of 2P-ERK2.
The differences in [ 13 C]methyl chemical shifts between 0P-and 2P-ERK2 (in ppm), jΔδ 13 Cj, provide a sensitive probe of changes in the local environment. Eight residues showed significant chemical shift differences between the two forms of ERK2, ranging between 0.16 and 0.47 ppm, whereas 16 residues showed moderate changes, ranging between 0.1 and 0.15 ppm (Fig. 1B  and Fig. S2 ). Two of the three residues with the largest jΔδ 13 Cj were I82 and L154 (0.47 and 0.29 ppm, respectively), which interact with the hinge that links the N-and C-terminal domains. L154 is located in the β7-strand, and I82 is located in the αC-β4 loop. These form hydrophobic contacts with each other as well as with M106 at the hinge (Fig. 1C) . Large chemical shift changes at these residues were surprising, given their distance from the site of phosphorylation. The X-ray structures showed no significant conformational differences between 0P-and 2P-ERK2 around these residues (Fig. 1C ). Significant jΔδ 13 Cj were also observed at I72 near the ATP binding site in helix αC, I241 in helix αG, and I253 in the MAP kinase insert (0.41, 0.26, and 0.25 ppm, respectively). Other residues with measurable jΔδ 13 Cj are shown in Fig. S2 . Based on the X-ray structures, chemical shift changes were expected in the activation loop and C-terminal L16 loop, but could not be determined due to incomplete assignments. Overall, the NMR chemical shift data reported significant changes in the chemical environment of ILV methyl side chains at the hinge, ATP binding site, and MAP kinase insert upon phosphorylation of ERK2.
Residues in 0P-ERK2 Show Local Conformational Dynamics. Conformational dynamics of ILV methyl groups were examined in 0P-ERK2 using ( 13 C, 1 H) multiple-quantum CPMG relaxation dispersion experiments (18). Methyl groups undergoing conformational exchange on the microsecond-to-millisecond timescale showed changes in their effective relaxation rate R 2,eff , measured as a function of the frequency of the refocusing pulses (ν CPMG ). Relaxation dispersion curves, collected at 25°C and at three field strengths (600, 800, and 900 MHz), are shown in Fig. 2 and Fig.  S3 . Dynamics were indicated when R ex , the contribution to R 2,eff from exchange, was significant (>4 s ), yielding curvature in the plot of R 2,eff vs. ν CPMG ( Fig. 2 and Table S1 ). No evidence for dynamics was indicated when R ex ≈ 0 s −1 . For individual ILV methyl groups, the dispersion curves at 600, 800, and 900 MHz were fit to a two-state exchange model (A ⇌ B), yielding exchange rate constants (k ex = k AB + k BA ) (17, 18). Under optimal conditions, the populations (p A and p B ) and the 13 C chemical shift differences between the two states, jΔω Methyl peaks from 13 residues in 0P-ERK2 showed significant conformational exchange dynamics ( Fig. 3A and Table S1 ). These residues were clustered in three regions located in the cleft between the N-and C-terminal domains, including the αC-β4 loop, β7-β8 loop, and helix αE. Other regions with significant exchange were located near the activation loop and the P+1 loop, helix αG, and helices in the MAP kinase insert, α1L14/α2L14. Individual fits of the relaxation dispersion data yielded k ex ranging between (Table S1 ). These exchange processes were fast on the NMR chemical shift timescale (i.e., k ex > jΔω 13 Cj), and therefore it was not possible to confidently extract populations and chemical shift differences for individual methyls. Attempts to globally fit all or subsets of residues resulted in poorly defined populations. Thus, relaxation dispersion measurements on 0P-ERK2 were inconsistent with ILV residues undergoing a single exchange process. Instead, they reported fast conformational exchange processes in subdomains of the kinase, with little or no evidence for coupling between residues, including those with interacting methyl groups.
Phosphorylation of ERK2 Induces Large-Scale Conformational Exchange Dynamics. Significant changes in conformational exchange dynamics were observed between 0P-ERK2 and 2P-ERK2, as reflected by differences in their dispersion curves (Fig. 2) . Methyls from 22 residues in 2P-ERK2 showed significant R ex . For many ILV methyls, the values of k ex , populations, and 13 C chemical shift differences between the two states in ppm jΔδ CPMG 13 Cj could be confidently fit for individual residues ( Fig. 3B and Table S2 ). Nineteen residues throughout the kinase core and in the catalytic pocket could be globally fit (Fig. 3C ), consistent with a single exchange process with k ex = 300 ± 10 s −1 and p A and p B populations of 20% and 80% (± 0.6%). They included residues at the hinge, αC-β4 loop, and β5, which formed the hydrophobic cluster at the cleft between the N-and C-terminal domains; N-terminal domain residues located at the interface between αC and β3-β4 strands; Cterminal domain residues at the interface between αE and αF; and C-terminal domain residues between αF and αG (Fig. 3C) . In contrast, residues in the MAP kinase insert could not be fit globally, but individual fits yielded k ex values of 640-750 s States. We next examined the temperature dependence of the HMQC spectra of 2P-ERK2. Several methyls appeared as two discrete peaks at 5°C, indicating two conformational states in slow exchange on the NMR chemical shift timescale (Fig. 4A) . These methyls showed similar populations of the two states as a function of temperature, varying from 50%:50% at 5°C to 80%:20% at 25°C. Importantly, the populations at 25°C matched those obtained from the global fits of the relaxation dispersion experiments (Table S2 ). This demonstrates that the conformational exchange process reflects two discrete conformers, which shift their populations with temperature.
Thermodynamic parameters determined from van't Hoff plots were most accurately measured for residue I72, yielding ΔH°= 9.7 ± 1.1 kcal/mol and ΔS°= 36 ± 2 cal·mol −1
·K
−1 (Fig. S4A ). Thermodynamic parameters estimated for other residues (e.g., I72, I131, and L288) were consistent with these values, indicating that the same conformational exchange processes underlie dynamics throughout most of the molecule. The exception was I241, located within helix αG, which gave ΔH°= 5.8 ± 1.1 kcal/mol and ΔS°= 22 ± 3 cal·mol (Fig. S4B) , indicating a distinct process.
In 0P-ERK2, each methyl group appeared as one peak in the HMQC spectra. In each case, peaks from 0P-ERK2 overlapped well with those corresponding to the minor conformational state in 2P-ERK2 (i.e., with 20% population at 25°C) (Fig. 4B) . Thus, . The asterisks and double asterisks indicate methyls having errors in k ex > 50% and k ex > 100%, respectively, with the latter methyls shown as black spheres. Methyls with no observable dynamics (R ex ≈ 0 s based on chemical shifts, the major state in 0P-ERK2 corresponds to the minor state in 2P-ERK2. In 0P-ERK2, the single observed conformer (population >99.5%) exchanges with an unobservable conformer (population <0.5%), from which ΔG°c an be estimated as >+3.1 kcal/mol. In 2P-ERK2, interconverting conformers represent two states with populations of 80% and 20%, yielding ΔG°= −0.8 kcal/mol. Two-dimensional ( 13 C, 1 H) HMQC experiments performed on 0P-ERK2 and 2P-ERK2 in the presence and absence of saturating Mg 2+ -adenosine-5′-(β,γ-imido)triphosphate (AMP-PNP) showed little or no effect on the populations in either kinase, indicating that the major state in 2P-ERK2 is not affected by nucleotide binding (Fig. S5 ).
The Conformational Switch Is Controlled by Hinge Residues. We next asked what type of dynamics might be reflected by a large-scale two-state exchange process involving residues throughout the consensus kinase core. Prior HX-MS studies suggested that phosphorylation of ERK2 leads to enhanced backbone flexibility at the hinge, reducing the constraint for interdomain motion between the N-and C-terminal domains (9) . We therefore asked whether increased hinge motion could affect the conformational exchange process, as measured by NMR.
To address this, mutations were engineered to increase conformational mobility at the hinge, by replacing residues M106-E107 with G-G to create an "ME/GG-ERK2" mutant. HMQC spectra were acquired on the [methyl-
13 C]ILV-labeled ME/GG-ERK2 and assigned as described in Materials and Methods. The chemical shifts of the methyls in ME/GG-ERK2 overlaid well with wild-type 0P-ERK2, except for residues near the mutation site, where structural changes would be expected ( Fig. 5 A and B) .
Relaxation dispersion experiments on unphosphorylated ME/GG-ERK2 showed that methyls on 21 ILV residues had significant dynamics, located throughout the enzyme ( Fig. 5C and Table S3 ). These corresponded to 12 of the 13 residues with significant R ex in 0P-ERK2, and 14 of 22 residues with significant R ex in 2P-ERK2. Importantly, 16 residues throughout the kinase core could be fit to a single exchange model, indicating a global motion with k ex = 500 ± 60 s −1 and populations of 97 and 3 ± 0.2% (Fig. 5C ). The similar chemical shifts for ME/GG-ERK2 and 0P-ERK2 mean that the dominant state is similar in both proteins. Within the MAP kinase insert of ME/GG-ERK2, k ex values of 1,200-1,600 s −1 were observed, comparable to the exchange rate constants in 0P-ERK2. Therefore, ME/GG partially mimics the shift in conformational exchange dynamics induced by phosphorylation and activation of ERK2.
Discussion
Our study demonstrates that the catalytic activation of a eukaryotic protein kinase elicits significant changes in protein dynamics. In 0P-ERK2, side chains show fast, localized motions on a microsecond-to-millisecond timescale, with little evidence of coupling. In the phosphorylated enzyme, side-chain motions are dominated by a global exchange process involving residues throughout the kinase core. The NMR data demonstrate that large-scale interdomain motion, with an exchange rate constant of 300 s −1 , accompanies phosphorylation and activation. Motions within the MAP kinase insert indicated a separate process, illustrating that independent subdomain motion occurs outside the consensus kinase core. The results support a model, illustrated in Fig. 6A , in which unphosphorylated ERK2 is stabilized in the inactive conformer by an inhibitory constraint. This is released upon phosphorylation, allowing a global shift in equilibrium between conformational states, illustrated here as a hypothetical domain movement.
Lateral or rotational movements between the N-and C-terminal domains provide one conceptual model to describe the global motions observed in active ERK2.
Interconversions between "open" and "closed" domain conformations have been noted in other enzymes, including protein kinases (23, 24). In the cAMPdependent protein kinase catalytic subunit (PKA-C), the X-ray structure of the apo form shows an open conformation, whereas a binary complex with Mg 2+ -AMP-PNP shows a closed conformation formed by rotation of the N-terminal domain and closure of the catalytic cleft around the nucleotide (25, 26). NMR relaxation measurements of backbone amides in the nucleotide-PKA-C binary complex show global exchange behavior in residues lining the catalytic core (27, 28), which are absent in apo PKA-C, and have been interpreted as an equilibrium shift to a closed conformation. Thus, PKA-C and active ERK2 share characteristics . ME/GG hinge mutations induce conformational exchange in the kinase core but not the MAP kinase insert. (A) Overlays of several methyl regions of the 2D HMQC spectra showing similar chemical shifts for these methyls in 0P-ERK2 (blue) and ME/GG-ERK2 (red). (B) The jΔδ 13 Cj between 0P-ERK2 and ME/GG-ERK2 are indicated by the color scale, and unassigned ILV methyls are represented by white spheres. The jΔδ 13 Cj between 0P-ERK2 and ME/GG-ERK2 are small throughout the protein, except for residues close to the mutated M106 and E107 (shown in pink). (C ) Sixteen methyls in ME/GG-ERK2 could be globally fit with k ex (500 ± 60 s -AMP-PNP has little or no effect on the equilibrium between conformers in ERK2 (Fig. S5 ). This suggests that the simple domain closure observed in PKA-C may not adequately describe the dynamics in ERK2, where global exchange is allosterically stabilized by phosphorylation but not by ligand binding.
Other models are possible, for example, one involving rotation of secondary structures within the N-terminal domain. In X-ray structures of ERK2, phosphorylation induces rearrangement of the activation loop, which in turn directs movement of helices αC and αL16 and refolding of the C-terminal L16 extension (4, 5) . A network of hydrogen bond and hydrophobic residue interactions throughout the N-terminal domain enables communication between these structures as well as connectivity with residues in the β3-β5 strands. It is possible that this network extends to the hinge through connections with the αC-β4 loop, and that the large chemical shift changes induced by phosphorylation within this region (Fig. 1B ) reflect environmental changes due to rotational movements in the N-terminal domain.
An important finding from our study was that the unphosphorylated ME/GG hinge mutant induced a global exchange process similar to that of 2P-ERK2. This involved residues as widely spread across the kinase core as in 2P-ERK2, strongly implying that the constraints to global exchange in 0P-ERK2 can be released by enhancing hinge flexibility. Mechanically, ERK2 might be conceptualized as having a strong spring constant at the hinge, which is weakened upon either phosphorylation or mutation, thus leading to a change in population of the conformational states. Fig. 6A illustrates this model, where the ME/GG mutation bypasses the constraint to domain movement in 0P-ERK2 by mimicking the effect of phosphorylation on conformational mobility at the hinge. This increased hinge flexibility lowers the barrier to domain movement relative to 0P-ERK2. However, unlike 2P-ERK2, ME/GG-ERK2 showed a smaller population (3%, instead of 80%) of the "active-like" conformer (Fig. 6) .
The specific activity of ME/GG-ERK2 (0.06 nmol·min
) was comparable to that of 0P-ERK2 (0.08 nmol·min
), both significantly lower than 2P-ERK2 (264 nmol·min
). The NMR relaxation dispersion data summarized in Fig. 6A show no correlation of the kinase activity with the kinetics or populations for any of the studied forms of ERK2. Instead, the data support a model where multiple events take place following the phosphorylation of ERK2. One event involves removal of a constraint to global exchange dynamics, illustrated by domain movement, which can be induced by either ME/GG or phosphorylation. A second event involves stabilization of the "active" conformation in 2P-ERK2, illustrated by ionic interactions that promote interactions between the N-and C-terminal domains (Fig. 6C) . Further work is needed to understand the details of the conformational transitions, as well as the kinetic and thermodynamic contributions, that occur upon activation of ERK2.
Compared with the large amount of structural information on protein kinases, the understanding of how kinases are regulated at the level of internal protein motions is much less well developed. A major conclusion of this study is that, before phosphorylation, ERK2 is maintained in its inactive form by a mechanism that imposes constraints on protein dynamics. Unlike autoinhibitory mechanisms that involve intra-or intermolecular occlusion at the catalytic site in other kinases, the constraints in ERK2 involve the hinge region, distal from the site of phosphorylation. The importance of hinge mobility has been suggested in other protein kinases. For example, allosteric communication between the activation loop and hinge was reported in fibroblast growth factor receptor 2 (FGFR2), which forms an autoinhibitory "molecular brake" involving a triad of interacting residues at the hinge, αC-β4 loop, and β8 strand (29). Structural studies also showed an extensive hydrogen-bond network accompanied by reduced hinge flexibility in zeta-chain-associated protein kinase 70 (ZAP-70), which was proposed to maintain the kinase-inactive form (30). Finally, molecular dynamics calculations suggested local unfolding of the hinge in the catalytic domain of epidermal growth factor receptor (EGFR), which was proposed as an intermediate step toward the transition from the inactive to the active state (31, 32). However, in contrast to FGFR2, ZAP-70, and EGFR, the X-ray structures of ERK2 show no significant conformational changes around the hinge upon phosphorylation (4, 5) . Likewise, both inactive and active X-ray structures of ERK2 show a properly formed catalytic site and an intact "hydrophobic spine" network, whose misalignment underlies the mechanism of inactivation in many protein kinases (33, 34). Thus, the mechanism of communication from the activation loop to the hinge most likely involves subtle reorganization of residues, suggesting that the autoinhibitory regulation in ERK2 involves architectural features that may be unique to this kinase. Our findings now set the stage for future studies to define the details of this architecture and understand its prevalence across the protein kinase superfamily. . The ME/GG mutation partially relieves the constraint to domain motion by increasing mobility at the hinge, sampling of the active-like conformer (3%)
35). [methyl-
13 C]ILV-labeled samples of 0P-ERK2 were prepared and purified as described in SI Materials and Methods. 2P-ERK2 was prepared from 0P-ERK2 in vitro using constitutively active mutant MKK1 as described (21). The buffer used for ERK2 in NMR experiments contained 50 mM Tris (pH 7.4), 150 mM NaCl, 5 mM MgSO 4 , 0.1 mM EDTA, 5 mM DTT, 100% D 2 O, and 2.5% (vol/vol) glycerol. Kinase activities of 0P-ERK2, ME/GG-ERK2, and 2P-ERK2 were measured as described in a previous study (36 (Fig. S1A) . Spatially adjacent ILV methyls were identified in 3D ( 13 C, 13 C, 1 H) HMQC-NOESY spectra, and assigned by mapping onto the X-ray structure of 0P-ERK2 (Fig. S1 B and  C) . Two-dimensional ( 13 C, 1 H) methyl TROSY HMQC spectra of 10 ERK2 I, L, or V to A mutants were used to help assign individual methyls (Fig. S1D) . Methyl assignments for ME/GG-ERK2 were made by transferring assignments from 0P-ERK2.
Methyl side-chain dynamics were measured using 2D ( 13 C, 1 H) multiplequantum (MQ) CPMG relaxation dispersion experiments (17, 18) on 0P-and 2P-ERK2 (SI Materials and Methods), performed at 25°C on Varian 600-, 800-, and 900-MHz NMR spectrometers with cryoprobes. The CPMG dispersion profiles were fit on a per-methyl basis to a two-state exchange model using the Carver-Richards equation (18, (Tables S1-S3 ) assumed a twostate exchange process, and could be underestimated due to the existence of more than two states.
Slow exchange in 2P-ERK2 was probed from analysis of methyl peaks in HMQC spectra, collected on a Varian 800-MHz spectrometer with a cryoprobe at 5, 10, 15, 20, and 25°C. The peak volumes of slow-exchanging peaks were estimated using CcpNmr Analysis software (38). Equilibrium constants of two-state exchange (K eq ) were calculated from the volume ratios of the two slow-exchanging peaks.
Two-dimensional ( ACKNOWLEDGMENTS. We are indebted to Lewis Kay (University of Toronto) for NMR pulse sequences, analysis software, and insightful discussions. We also thank Geoffrey Armstrong and Richard Shoemaker for help with NMR data acquisition, and Rebecca Page and Wolfgang Peti (Brown University) for their gift of the ERK2 expression plasmid. These studies were supported by National Institutes of Health Grants R01GM074134 (to N.G.A.), T32GM008759 (to L.R.W.), and T32GM065103 (to M.P.L.). NMR instrumentation was purchased with partial support from NIH grants GM068928, RR11969, and RR16649; National Science Foundation Grants 9602941 and 0230966; and the W. ) labeling were added to cells once the OD 600 reached 0.8. After 1 h, the cells were induced with isopropyl-β-D-1-thiogalactopyranoside (2, 3) and shaken at 18°C for 16 h, after which cells were centrifuged at 6,000 × g for 10 min. The cell pellets were resuspended in lysis buffer (50 mM NaH 2 PO 4 /Na 2 HPO 4 , pH 8.0, 300 mM NaCl, 0.1% β-mercaptoethanol, 5 mM imidazole, 1× Halt protease inhibitor, 1 mg/mL lysozyme, and 1 mM EDTA). The cell suspension was incubated at room temperature for 20 min and then sonicated and centrifuged at 24,000 × g for 45 min at 4°C. The supernatant was collected as cell lysate. Proteins were purified from the cell lysate by Ni 2+ -NTA affinity chromatography (Bio-Rad), PD-10 desalting (GE Healthcare), MonoQ FPLC (GE Healthcare), and Sephadex S200 size-exclusion chromatography (GE Healthcare) (4). Dualphosphorylated (2P)-ERK2 was prepared from unphosphorylated (0P)-ERK2 after the MonoQ step, phosphorylated in vitro using constitutively active mutant MAP kinase kinase 1 (MKK-G7B: ΔN4/S218D/M219D/N221D/S222D) as described (5), and further purified by Sephadex S200 size-exclusion chromatography. NMR Experiments for Assigning Residues. All of the NMR data used for making assignments were performed at 25°C on a Varian VNMRS 800-MHz NMR spectrometer with a z-axis gradient cryoprobe and were processed using the software package NMRPipe (6) . A 3D ( 13 C, 13 . This sample was expressed and purified as described above, except that a different set of precursors was used: 2-keto-3-(methyl-d 3 )-1,2,3,4- CBCA experiments were acquired with 64 and 42 complex points (4 and 10.5 ms, respectively) in the t 1 (C aliph ) and t 2 (C m ) dimensions and 1,024 complex points in acquisition period. 13 C decoupling was applied with WALTZ-16 during the 71-ms acquisition period (8) . A 1.2-s delay period was used with 20 scans, leading to a total acquisition time of 83 h. Timedomain data in the 1 H dimension were apodized by a cosine window function and zero-filled before Fourier transformation. The indirect dimensions were also apodized by a cosine window function and zero-filled before Fourier transformation. Three-dimensional ( 13 C, 13 C, 1 H) heteronuclear multiple-quantum coherence (HMQC)-NOESY experiments were performed on Ile, Leu, and Val (ILV)-labeled samples of both 0P-ERK2 and 2P-ERK2 using a 350-ms mixing time. The experiments on 0P-ERK2 were acquired with 54 and 52 complex points (15.9 and 15.3 ms, respectively) in the t 1 ( 13 C) and t 2 ( 13 C) dimensions and 1,024 complex points in the acquisition period. GARP1 13 C decoupling was applied during the 73-ms acquisition period (9) . A 1.8-s delay period was used with eight scans, leading to a total acquisition time of 56 h. The NOESY experiments for 2P-ERK2 were essentially the same, except that 64 and 64 complex points were used (18.8 and 18.8 ms, respectively) in the t 1 ( 13 C) and t 2 ( 13 C) dimensions, resulting in a total acquisition time of 82 h. Time-domain data in the 1 H dimension were apodized by a squared cosine window function and zero-filled before Fourier transformation. The number of points in both indirect dimensions was doubled using forward-backward linear prediction (10). The indirect dimensions were then apodized by a cosine window function and zero-filled before Fourier transformation and baseline corrections were applied to both indirect dimensions.
A 2D ( 13 C, 1 H) methyl transverse relaxation-optimized spectroscopy (TROSY) HMQC spectrum was collected on each 0P-ERK2 mutant (0.1-0.4 mM) with a total experimental time of 1-4 h. Parameters varied with protein concentration; for example, the spectrum of I124A at 0.2 mM was acquired with 160 complex points (29.5 ms) in the t 1 ( 13 C) dimension and 1,024 complex points in the acquisition period. WALTZ-16 13 C decoupling was applied during the 85-ms acquisition period. A 1.5-s delay period was used with eight scans, leading to a total acquisition time of 1 h. The NMR data were processed as above.
Procedure for Assigning Residues. The procedure for making nonstereospecific resonance assignments of the ILV methyls ([ 1 H m , 13 C m ]) in 0P-or 2P-ERK2 primarily involved analysis of data from through-space and through-bond 3D NMR experiments in combination with the previously determined X-ray structures [Protein Data Bank (PDB) ID code 1ERK or 2ERK]. A series of mutants was then used to confirm the assignments.
The first step in the assignment procedure of 0P-ERK2 was to distinguish the Leu and Val methyls from each other using 3D ( 13 C, 13 C, 1 H) HMCM[CG]CBCA (out-and-back) experiments (7) . Three resonances (Cγ, Cβ, Cα) were observed for each Leu methyl, whereas only two resonances (Cβ, Cα) were observed for each Val methyl (Fig. S1A) . Methyl peaks from the same residue (L/V) shared the same Cα and Cβ chemical shifts, although this property was not sufficient to assign two methyl peaks to the same residue.
The next step was to identify spatially clustered ILV methyl groups from analysis of the 3D ( 13 C, 13 C, 1 H) HMQC-NOESY spectra (7) , where the nuclear Overhauser effect (NOE) crosspeak intensities were qualitatively compared with distances between methyl protons in 0P-ERK2. Protons were added to PDB ID code 1ERK using the PDB Utility Servers (http://spin.niddk. nih.gov/bax/nmrserver) to calculate the shortest distances between the protons of two methyls. For example, a cluster of six Ile residues was identified from six Ile peaks that showed a set of interconnecting NOEs in the 3D NOESY (Fig. S1B) . Two Val peaks each showed NOEs to at least five Ile methyls in the Ile cluster (two of the Ile methyls had the same 13 C chemical shift; Fig. S1B ). The fact that these two Val methyls did not show NOEs to each other, and had the same Cα and Cβ chemical shifts in the HMCM[CG]CBCA spectrum (Fig. S1A) , strongly supports their assignments to the same residue. Next, the X-ray structure of 0P-ERK2 was screened for a large cluster of Ile methyls. The largest Ile cluster is composed of I54, I70, I84, I87, I101, and I345 (Fig. S1C) , consistent with the six-Ile cluster found in the NOESY spectra. The surrounding Leu and Val methyls were used to make further assignments, where two Leu and one Val methyls were found close to this Ile cluster. Both methyls of V99 were close to most of the six Ile methyls, leading to direct or spin-diffusion NOEs to these Ile methyls. Thus, these two Val methyl peaks were assigned to V99. The next step in the assignment of the Ile methyls in the six-Ile cluster was measurement of the NOE cross-peak intensity for each of the Ile methyls to both methyls of V99. Two of the Ile methyls showed weak NOEs to V99, and both methyls showed NOEs to another Leu. Comparison of the NOE pattern and intensities with the Xray structure led to tentative assignments for the other Ile methyls in this cluster as well as methyls on L67 and L74. A similar strategy was also used to assign methyls in other regions of the protein.
Once tentative assignments were made from the NOE data, 2D ( 13 C, 1 H) methyl TROSY HMQC spectra of 10 ERK2 mutants, each substituting Ile, Leu, or Val with Ala, were used to adjust and confirm the tentative assignments. The absence of a peak in the spectra is used to help assign the resonance to a mutated residue (Fig. S1D) . In some cases the mutation led to chemical shift changes in other methyl resonances, and therefore the HMQC spectra of the mutants by themselves did not generally provide unambiguous resonance assignments. The set of assignments of 0P-ERK2 was finalized by several iterations of these procedures, yielding 70 assignments of methyls to 62 residues. The assignments of 0P-ERK2 were then transferred to 2P-ERK2 and confirmed with 3D ( 13 C, 13 C, 1 H) HMQC-NOESY experiments on 2P-ERK2 (Fig. S1E) , yielding assignments of 67 methyls to 60 residues.
Constant Time Carr-Purcell-Meiboom-Gill Relaxation Dispersion
Experiments. Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion experiments were performed on 0.3 mM 0P-ERK2 and 2P-ERK2 (the same samples that were used in NOESY experiments) at 25°C using three field strengths (600, 800, and 900 MHz). The datasets of 800 and 900 MHz were collected on Varian VNMRS 800-and 900-MHz NMR spectrometers equipped with z-axis gradient cryoprobes. The 600-MHz datasets were collected on a Varian INOVA 600-MHz NMR spectrometer equipped with a room temperature probe. The experiment was arrayed with different delays (2τ) between 13 C refocusing pulses, with a total time of 20 ms (T relax ) (11) . The experiment for 2P-ERK2 at 800 MHz was acquired with 12 different τ times corresponding to CPMG frequencies (ν CPMG ) ranging from 50 to 1,000 Hz. Several τ times were collected twice to estimate errors in the measurements. A set of 160 complex points in the t 1 ( 13 C) dimension and 1,024 complex points in the acquisition period was collected. A 2-s delay period was used with eight scans, leading to a total acquisition time of 21 h. Wideband Uniform Rate Excitation Smooth Truncation (WURST)-40 13 C decoupling was applied during the 85-ms acquisition period (12) . This experiment, with slightly different values of τ and numbers of complex points in the t 1 period, was repeated for 2P-ERK2 at 600 and 900 MHz, as well as for 0P-ERK2 at all three field strengths. Spectra were processed using NMRPipe (6) , where the data for each τ were processed similar to a 2D HMQC spectrum described above. Peak intensities were measured using the program FuDA (http://pound.med.utoronto.ca/software). The effective decay rate (R 2,eff ) was calculated by the equation (13) R 2,eff = −1/T ln[I(ν CPMG )/I(0)], where ν CPMG = 1/(4τ), 2τ is the interval between successive 180°1 3 C refocusing pulses, and I(ν CPMG ) and I(0) are the intensities of peaks recorded with and without the CPMG period, respectively. The CPMG dispersion profiles of 0P-, 2P-, and ME/GG-ERK2 were fit on a per-methyl basis to a two-state exchange process using the generalized Carver-Richards equation (11, 14) , obtaining exchange rate constant (k ex = k AB + k BA ), populations of the two exchanging states (p A , p B ) , and 13 C chemical shift changes (in ppm) between states A and B (jΔδ CPMG 13 Cj, assuming jΔδ CPMG 1 Hj = 0). Fittings were performed using the program CATIA (http://pound.med. utoronto.ca/software). In addition, nonlinear least-squared fitting using the simplified, fast-exchange limit equation (14 13 C methyl dimension are labeled at the bottom of each strip. The signs of the peaks alternate as magnetization is transferred along the carbon chain (i.e., Cα is 180°out of phase with Cβ, which is 180°out of phase with Cγ) as indicated by red (negative) and green (positive) contours. Val residues can be distinguished from Leu residues because the former only show two carbon resonances (Cα and Cβ), whereas the latter show three resonances (Cα, Cβ, and Cγ). Both methyl groups in V99 share the same Cα and Cβ chemical shifts, which helps assign them to the same residue. (B) Strip plots [ 1 H, 13 C] from the 350-ms 3D ( 13 C, 13 C, 1 H) HMQC-NOESY spectrum of 0P-ERK2 illustrate that two Val methyl peaks (Val99a and Val99b) show NOEs to at least five Ile methyls (two of these Ile methyls have the same 13 C chemical shift). In addition, most of these Ile methyls show NOEs to each other. Three Leu methyl peaks, coming from at least two Leu residues, also show NOEs to a subset of the Ile methyls in this cluster. The chemical shifts (ppm) of the 13 C methyl dimension are labeled at the bottom of each strip, and the asterisks highlight methyl self-peaks. Cross-peaks that were used in the assignment were aligned with the self-peak as indicated by the horizontal lines. Cross-peaks for V99b and L74b are highlighted in red and green boxes, respectively. (C) X-ray structure of 0P-ERK2, where spheres represent methyls from Ile (red), Leu (yellow), and Val (green). The largest Ile cluster (I54, I70, I84, I87, I101, and I345) in the molecule is highlighted by the dashed box. The expansions illustrate this Ile cluster and adjacent Leu and Val methyls. Interresidue methyl proton-methyl proton distances are shown for V99b if a corresponding NOE cross-peak was observed in the NOESY spectrum in B. An ≈90°rotated view is shown to highlight L67 and L74, which are also close to the Ile cluster, and which provide additional information for assigning the Ile methyls in this cluster. L74b is relatively close to I84, I87, I70, and I101, and all these direct or spin diffusion-induced NOEs for L74b are observed in the NOESY spectrum in B. L67a is close to I345, and the corresponding NOE cross-peak is seen in B. (D) An overlay of the Ile methyl region of the 2D ( 13 C, 1 H) methyl TROSY HMQC spectra of the wild-type (blue) and mutant I101A (red) sample of 0P-ERK2. Although multiple peaks showed clear chemical shift perturbations in this mutant, the absence of the I101 peak in the I101A 0P-ERK2 mutant was consistent with the assignment made from NOE data. (E) A similar pattern of NOE cross-peaks is seen in 2P-ERK2; strip plots are shown only for NOEs between V99 and I101. . Enthalpies and entropies estimated from 2D ( 13 C, 1 H) HMQC spectra. van't Hoff plots for (A) I72 and (B) I241, where the K eq values were estimated from the volumes of the two peaks that showed slow exchange for individual methyls in the HMQC spectra at different temperatures (Fig. 4) . 1,400 ± 300 22 34,000 ± 3,000 0.5 *These parameters were all obtained from MQ CPMG dispersion data collected at 25°C. † The k ex values were obtained by fitting CPMG dispersion data collected at 600, 800, and 900 MHz to a two-state exchange process using the Carver-Richards equation on a per-methyl basis. The errors were estimated from fits using the CATIA program, and may be underestimated if the data are not well-described by a two-state exchange process (Materials and Methods). ‡ R ex (800) was estimated using the equation R ex = R 2,eff (50 Hz) -R 2,eff (1,000 Hz) from 800-MHz CPMG dispersion data. § This term was estimated assuming a two-state exchange model under fast-exchange limit using 800-MHz CPMG dispersion data (Materials and Methods).
{ χ 2 /DF (reduced χ 2 ) describes the quality of the fit for the experimental data. DF is the degrees of freedom and was calculated by DF = (number of experimental data points -number of parameters -1) for each methyl in the dataset. jj Individual fits were not determined (N.D.) due to large errors, but the R ex could still be estimated.
